W
ITH these words, President Dwight D. Eisenhower announced the creation of the National Aeronautics and Space Administration on March 26, 1958, thereby launching a project that, in a little over a decade, would bring humankind to walk on the moon. While every American watched the unfolding of this adventure into outer space with enthusiasm and trepidation, scientists at the National Institutes of Health (NIH) were beginning a different journey, perhaps less glamorous and far from the clamor of the media, but certainly no less important for humankind.
That same momentous year, the foundation for another milestone was being poured when Nathan Shock, William W. Peter, and Arthur Norris at the National Institute on Aging advanced the idea that the aging process would be better understood by studying the same individuals throughout their life span, collecting serial assessments at multiple time points rather than by comparing individuals of different ages who may have been exposed to different historical events and environmental conditions. Although the idea of longitudinal study was not completely new, it was the first time that it was applied to the study of aging. The NIH group called for volunteers to join the Baltimore Longitudinal Study of Aging (BLSA), remain in the study throughout the rest of their lives, and donate their bodies to science after their death. While today, this study design appears straightforward, in 1958, the notion of following individuals for life to study aging was an extraordinary leap forward in the field, a jump that would transform aging research forever. Although questions about the nature of the aging process are probably as old as humankind, never before had anyone postulated that chronological and biological age could be dissected, and that aging and pathology may evolve along separate, although somewhat parallel, pathways. Today, 50 years later, the BLSA is one of the largest and longest-running longitudinal studies of aging in the United States and is still addressing the same question. What a vision! Over many years, the BLSA has made major contributions to our understanding of normal aging in humans.
I cannot even begin to summarize here the fruits of 50 years of labor, hundreds of scientific publications, and generous contributions of more than 3000 participants. This is common knowledge. Data from the BLSA have helped scientists explore age-associated changes in anatomical integrity and function across all physiological systems, including musculoskeletal, cardiovascular, endocrine, and renal, just to name a few examples (1) (2) (3) (4) . By analyzing long-term personality data, BLSA scientists were able to refute the popular belief that, as people age, they become irritable and sad, and found that, in fact, personality doesn't change much after puberty (1, 5) . By exploring how the ability to think, learn, and remember changes over time in specific BLSA participants, scientists were able to show that those who experienced an accelerated decline in memory, verbal intelligence, and executive function were more likely to develop dementia (6) . Above all, the BLSA indicated that, although aging and longevity are affected by genetic factors, the quality of our own aging is strongly affected by following a few simple rules, such as watching our weight and waist, eating a healthy diet, exercising regularly, and maintaining an active role in society (1, (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) .
Curiously, the BLSA has both rewarded and, in some sense, disappointed the scientists who designed it. There is absolutely no doubt that most of the deterioration in physiological, physical, and cognitive function that occurs in many aging individuals is attributable to disease, suggesting that perhaps aging and diseases evolve along separate biological paths. However, as medical technology has advanced, and measurement tools have become more precise and accurate, the line of demarcation between aging and disease has started to blur (2) . Subtle structural and functional changes that previously escaped the ''pathology'' filter are now considered (subclinical) risk factors for diseases (17) (18) (19) . We are discovering that aging is a progressive dysregulation of our homeostatic network, and that life is maintained owing to the incredible adaptability and resiliency that the network allows at all levels of integration, from mitochondrial function to societal and community adaptations. This circuitry of signals, receptors, and effectors is extremely complex because of the need to detect and characterize thousands of different stressors and build the most effective, rapid, and parsimonious homeostatic response (20) . There is evidence that, with aging, this homeostatic network undergoes a progressive simplification and tends to generate responses that are more stereotypic, more costly, and less effective (21, 22) . We also are starting to realize that the dysfunction of the homeostatic network can be detrimental to health. For example, the chronic mild proinflammatory state, progressive insulin resistance, and reduced walking speed, which commonly affect older persons, have been interpreted as compensatory responses but are also important determinants of pathology. If the dysfunction of the homeostatic network is the primary cause of increased susceptibility to disease, then the distinction between aging and pathology, while still conceptually valid, is almost impossible to detect empirically and certainly cannot be summarized by a few single measures. Perhaps this is why, in spite of considerable resources, the search for unique ''biomarkers of aging'' has so far been extremely disappointing.
A possible alternative to looking for specific biomarkers of aging is to search for an ''aging signature,'' a tag for individuals with age-associated, accelerated decline in function across multiple physiological systems. Although at first glance, this approach may seem unfamiliar, it is in fact consistent with the conceptualization of ''frailty,'' a syndrome that involves multiple physiological systems that is widely acknowledged in the geriatric literature. Scientists have even suggested that the number of systems involved is a measure of frailty severity and clinical progression (23, 24) . According to this view, expressions such as ''aging brain'' or ''aging heart'' are meaningful only in the context of their contribution to the aging of the whole individual. When deterioration occurs in isolated systems, it should be considered in the realm of pathology.
The conceptualization of frailty has contributed substantially to the description of the aging phenotype and its relevance to clinical practice. However, I have never been keen on the idea that frailty could be identified by simply ''counting'' affected systems. If we hope to someday decelerate aging and reduce the burden of disease and disability in older individuals, the only reasonable choice is to hunt for biological mechanisms and target them for treatment. What we need is a global theory that links together factors that both contribute to and participate in ''accelerated aging.'' When I became the Director of the BLSA in September 2002, I realized that, in spite of the available wealth of data, specimens, and long-term followup, I could not address the ''homeostatic theory of aging'' in the current BLSA design. In the mind of Nathan Shock and of most scientists who worked with him and after him, the BLSA constituted a recruitment core of volunteers for a number of unconnected longitudinal studies that targeted different aspects of the aging process. Although Dr. Shock acknowledged that the rate of aging may be parallel across different physiological systems and organs, this idea was never implemented in the study design. A substantial change in the design was required.
During my first 3 months at BLSA, I could not sleep. I felt like an inexperienced restorer asked to retouch a painting from Giotto or Masaccio. I wanted to continue the original BLSA mission of studying the aging process at the interface between aging and disease, but I also wanted to incorporate the emerging idea that aging is progressive dysfunction in some basic homeostatic mechanism whose effect is minimized by a full range of compensatory strategies.
Fortunately (or unfortunately. . .only time will tell), I was working with a group of extraordinarily talented scientists and, with their help, I was able to overcome my fear. The new scientific paradigm implemented in the BLSA was developed from a clinical protocol originally aimed at assessing geriatric patients with mobility problems in the geriatric hospital where I had worked in Italy. Studies have demonstrated that performance in mobility is a marker of health status superior to any other biomedical measure and one of the main determinants of quality of life in old age. Studies have also shown that poor lower extremity performance is a robust predictor of multiple negative health outcomes, including disability, health care resources utilization, nursing home admission, and mortality. In spite of this evidence, I believe that poor lower extremity performance is not the direct cause of such adverse outcomes, but rather a strong marker of homeostatic derangement and deteriorated health, which are the true causes of many adverse outcomes.
Because of the critical role that bipedal mobility played in human evolution, it is reasonable to assume that a number of compensatory strategies have been evolutionarily selected to maintain mobility despite considerable impairment. Decline in mobility only occurs after compensations fail. Thus, mobility may be interpreted as an overall measure of homeostatic stability, and understanding the causes of mobility disability may help explain the homeostatic disruption that occurs with aging.
The new BLSA study paradigm is illustrated in Figure 1 . On the right side of the figure is mobility, the key outcome measure. In the middle are physiological domains that are relevant for mobility. In brief, the central nervous system generates the motivation for mobility and also creates, refines, and provides feedback to motor programs wired through the peripheral nervous system. Muscles are effectors that move bones and joints. Mobility requires that energy be generated, transported, and delivered locally, and that somatosensory systems provide continuous feedback from the environment. The hypothesis underlying this paradigm is that mobility problems in older persons result from impairment in multiple physiological domains, even when the clinical presentation suggests one precipitating cause. On the left side of the figure is a first attempt to identify the essential elements of the homeostatic network. We have hypothesized that the aging process affects multiple physiological systems in parallel (harmonically) because the signaling network that maintains a stable homeostasis and adequate distribution/utilization of energy becomes progressively less efficient and less able to adapt to stress with aging. The primary elements required for energy generation are provided by nutrition (in this context, oxygen is considered a nutrient). Most energy expenditure is accounted for by resting metabolic rate and physical activity. The production of energy during aerobic metabolism generates reactive oxygen species (ROS; oxidative stress) that are scavenged by antioxidant mechanisms. A dynamic stability of the internal environment is maintained by the combined effects of hormones and the autonomic nervous system. Finally, the integrity of the ''self'' is maintained by the immune system through inflammatory processes. Although it is useful to discuss these homeostatic systems separately, they appear to belong to the same signaling network and function in a very integrated way (25) .
Hopefully, the systems biology approach implemented in the BLSA will tear the seals from the well-concealed mysteries of aging. In the past, geriatrics broke new ground when the field identified integrated whole-body functions as an important complement to disease nosology as a way to understanding aging. However, while functional assessment offered new and successful management approaches, we lacked an understanding of the pathophysiology of disability and, therefore, we could not fully exploit the profound biological implications of our discovery. The result was that geriatrics became somewhat marginalized within the greater culture of medicine. The outstanding research of the last decade has definitively overthrown this limitation. Rather than considering aging as an accumulation of somewhat unrelated individual disease processes, observational studies are uncovering common underlying processes that manifest across multiple body systems. These shared mechanisms modulate disease susceptibility and, therefore, are potential novel targets for prevention and treatment of age-related problems. This unique emerging body of knowledge has implications for future research, the organization and delivery of health care, for medical education, and for communication with the greater public. The renovated BLSA design fully acknowledges these new opportunities.
Longevity combined with good health and functioning until near the end of life is the goal of most individuals. Finding ways to promote this condition is the raison d'être of aging research. Although research has been done on the correlates of long life and functional decline, we still know relatively little about why certain individuals live in excellent health into their 80s while others fail much sooner. To address this important question, the BLSA has launched the project IDEAL (Insight into the Determinants of Exceptional Aging and Longevity). Over the next 5 years, the BLSA will be enrolling several hundred exceptionally long-lived, healthy, and high-functioning individuals. These extremely rare subjects are living proof that longevity combined with good health is possible. Studying them in comparison to individuals born in the same period but who experience the diseases and functional decrements that occur in most aging individuals may help identify the critical elements required for aging successfully. The rapidly increasing number of long-lived healthy individuals deserves to know what they can do to avoid or delay sickness and functional decline as long as possible. Unfortunately, there is no certainty that the preventive strategies that were developed for the general population will work in these very special individuals. We are confident that the IDEAL project will shed some light on these issues.
Looking ahead, it is fun to fantasize about what we will learn in the next round of discoveries from the BLSA. The possibilities are so large that my head spins. I hope that any wish list will be focused on issues that are relevant for the health, functional status, and quality of life of our older population. In the end, this is why we became geriatricians and gerontologists.
Happy 50 th birthday BLSA-I wish you a long and productive life!
